WaterLOGSY and STD experiments are widely used as NMR-based screening techniques in drug research. In the present study, an improved STD pulse sequence was developed, and its efficiency and applicability of observing the ligand signals were evaluated compared with the WaterLOGSY experiment. A combination of presaturation, a WET sequence and subsequent repeated Z-filters can provide the most effective water suppression, which is incorporated into the STD pulse sequence. In a sample solution of tryptophan and glucose in the presence of human serum albumin, the improved STD experiment only succeeded in selective detections of the bound ligand signals, even resonating close to water.
Introduction
NMR spectroscopy has been utilized as an established method for the structure determination of small compounds and proteins. Because X-ray studies are often limited by a difficulty in obtaining crystals with desirable diffraction, NMR spectroscopy is an attractive alternative for determining structures as well as analyzing macromolecular complexes.
Recently, NMR spectroscopy has also been used as a method for screening compounds with affinity to target macromolecules. Several NMR-based screening methods have been developed using chemical-shift perturbation, [1] [2] [3] transferred NOE 4, 5 and diffusion and relaxation editing methods. 6 In the development of NMR techniques for screening compounds, the essential requirements are reductions of the experimental time and of sample amount without isotope enrichments. One of the most desired methods is the detection of bound ligand signals while suppressing signals from target proteins.
It has been shown that NOE-pumping, 7 a saturation transfer difference (STD) technique with a T1ρ-filter 8 and water-ligand observed via gradient spectroscopy (WaterLOGSY) 9, 10 experiments, could directly detect bound ligands. There is also 1D reverse NOE-pumping experiment, 11 which was designed to detect signals from the bound ligands.
One practical point is that WaterLOGSY and STD experiments are widely used as NMR-based screening techniques. In the WaterLOGSY experiment, water magnetization that is transferred through a protein-ligand complex yields NOEs on a ligand of the same sign as the water polarization, while magnetization transfer from water to an unbound ligand yields NOEs with the opposite sign. The difference in the signs of binding and non-binding ligand signals is useful for identifying binding compounds. In the STD experiment, although it is more convenient to set up the experiments in sample solutions containing 100% 2 H2O, the recent development of STD pulse sequences enables us to acquire decent spectra using sample solutions containing 95% 1 H2O and 5% 
Experimental
The lysozyme and HSA were purchased from Sigma, and glucose and tryptophan were purchased from Wako (Osaka, Japan). Two sample solutions were prepared: (i) a 500-μL solution of 50 mM glucose in the presence of 0.4 mM lysozyme containing 5% 2 H2O in 10 mM potassium phosphate buffer at pH 7.5, (ii) a 500-μL solution of 2.0 mM tryptophan in the presence of 0.1 mM HSA and 2.0 mM glucose containing 5% 2 H2O. All spectra were recorded at 20 C on a Varian Inova 500 spectrometer.
Results and Discussion
In the waterLOGSY experiment, samples containing 5% 2 H2O are generally prepared, since bulk water magnetization is transferred during the mixing time via the protein-ligand complex to the free ligand. Although it is more convenient to use samples containing 100% 2 H2O in the STD experiment, the solvent-exchange process into 2 H2O is often troublesome in protein samples. The solubility of some lyophilized protein in 2 H2O is unexpectedly low, resulting in the precipitation of valuable materials. In this study, common solvents comprising 5% 2 H2O and 95% 1 H2O were used to evaluate NMR screening methods. In the STD experiment, effective water suppression is critical to observe the bound ligand signals resonating close to water. To achieve this, a water presaturation and a WET sequence were incorporated into the STD pulse sequence for selective suppression of the water resonance.
14 In the present study, more effective water suppression using a WET sequence was implemented. The pulse sequences used for evaluating the water suppression are shown in Fig. 1 . All pulse sequences comprised a water-presaturation and a WET sequence, while optionally incorporating the subsequent Z-filter(s). The 1 H NMR spectra of glucose in the presence of lysozyme are shown in Fig. 2 . The repeated Z-filters just before acquisition (Fig. 1c) performed the most efficient water suppression (Fig. 2c) . Considering the results presented in Fig. 2 , the repeated Z-filters were incorporated into the STD pulse sequences.
The WaterLOGSY and STD pulse sequences are shown in Fig. 3 . In the WaterLOGSY experiment, the WATERGATE W5 LOGSY pulse sequence 15 was used for a comparison. In the WATERGATE W5 LOGSY pulse sequence (Fig. 3a) , the WATERGATE W5(0/180) sequence was incorporated at the initial portion of the pulse sequence. The WATERGATE W5 sequence uses five pairs of symmetric pulses, which can provide a narrower excitation null region for the water resonance. 16 The pulse train for W5 was 7.8 , 18.5 , 37.2 , 70.4 and 134.2 with pulse intervals of 250 μs. To perform the WATERGATE W5(0/180), each RF pulse was split into two halves (e.g. the first pulse of 7.8 was converted into the pulse pair 3.9 and 3.9 ), and the phase cycling of (x, x) and (-x, x) was applied, respectively. 15 As a result, only magnetization at the water frequency remained before the first 1 H 90 hard pulse. In the WET-STD experiments, two types of measurements were carried out: (i) the selective irradiation of water (Fig. 3b) , and (ii) selective irradiation of the methyl region of protein and the presaturation of water, which were employed simultaneously (Fig. 3c) . Although the latter experiment is generally used as the STD experiment for protein-ligand complexes, it is not always possible to selectively irradiate the methyl region. Assuming application to ligand molecules possessing various methyl groups, the former experiment (i) was carried out for evaluation.
The WATERGATE W5 LOGSY and WET-STD spectra acquired on a sample of 2.0 mM tryptophan and 2.0 mM glucose in the presence of 0.1 mM HSA are shown in Fig. 4 . Tryptophan and glucose were added as binding and non-binding compounds for HSA, respectively. Regarding the indole ring protons of tryptophan, non-exchangeable protons, resonating 7.0 to 7.6 ppm, were clearly observed in all methods, while an amid proton of the indole ring was not observed in the WET-STD using water presaturation, as expected (Fig. 4c) . The aliphatic protons of tryptophan were unambiguously observed only in the WET-STD using protein irradiation (Fig. 4c) . Since the unbound glucose signals caused interference of the signal observation of tryptophan in the aliphatic region (Figs. 4a and  4b) , the WET-STD pulse sequnce using protein irradiation (Fig. 3c ) was considered to be the most appropriate method in this model sample. The same series of spectra were acquired on a sample of 50 mM glucose in the presence of 0.4 mM lysozyme, as shown in Fig. 5 . In the WATERGATE W5 LOGSY spectrum (Fig. 5a ), H2, H3 and H5 signals of glucose were observed in the negative phase, while the other protons were in the positive phase. Weak excitation near the water resonance could have caused the positive signals of glucose. Since the binding constant of glucose with lysozyme is around 10 -5 M, 17 positive signals indicating binding molecules should have been observed. These results indicate that the WATERGATE W5 LOGSY and the WET-STD using the water irradiation were inappropriate in this sample, leading to a misinterpretation in the process of drug screening. The WET-STD using protein irradiation only succeeded in selective observation of the binding molecule, as shown in Fig. 5c . In this experiment, the spin lock pulses used as a T2-filter were inevitable to reduce the protein signals. The binding ligand signals of interest were completely hidden in the remaining lysozyme signals without using the spin lock. Since lysozyme is a relatively small protein (14 kDa), its signals severely remained and interfered with the selective detection of the ligand signals. In case of HSA (66 kDa), spin lock pulses were not essential owing to its large molecular weight. One may have an idea that the concentration of glucose was rather high. In the initial experiments, the decent WET-STD spectra could not be obtained using a sample of 2 mM glucose. The reasons could be that the binding affinity of glucose with lysozyme was relatively low, and that it was difficult to observe those glucose signals resonating close to water in a solution of 95% 1 H2O and 5% 2 H2O. In our aim to detect signals within a reasonable experimental time, the concentration of glucose was increased.
Although the lysozyme-glucose complex was a challenging sample for NMR-based screening, the selective detection of glucose signals could be achieved using the WET-STD method. Sensitive spectra were obtained in the selective observation of 2.0 mM tryptophan bound with 0.1 mM HSA (Fig. 4c) .
The present results indicate that the WET-STD technique using repeated Z-filters can provide efficient water suppression and the selective observation of bound ligand signals, which would ensure wide applicability of this technique as an NMR-based screening method. The measuring time was ca. 30 min. All gradient pulse widths were 1.5 ms, and the gradient pulse intervals in the mixing time were mix/10. Phase cycling: f1 = 4x, 4(-x); f2 = 2x, 2y, 2(-x), 2(-y); fr = x, -x, y, -y, -x, x, -y, y. In (b, c), the irradiation times of water in (b) or methyl region of protein in (c) were 3.0 s, and the mixing time of spin lock was 100 ms. Phase cycling of the spin lock was 4y, 4(-x), 4(-y), 4x. The other experimental parameters were the same as those of Fig. 1(c) . and (c), respectively, and the reference spectrum was recorded with the pulse sequence of Fig. 1(c) .
